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(Received 5 April 2004; published 22 October 2004)1550-7998=20The cosmic-ray exotic event ‘‘Centauro-I’’ is reexamined. Kopenkin et al. [Phys. Rev. D 68, 052007
(2003).] have recently suggested that the original correspondence of shower clusters in the upper and the
lower chambers [C. M. G. Lattes, Y. Fujimoto, and S. Hasegawa, Phys. Rep. 65, 151 (1980).] is not
correct, and we confirm this suggestion. By taking into account the relative position of the upper and the
lower chambers exactly, we find that the event has no upper part corresponding to the observed shower
cluster in the lower chamber. Our analysis shows that showers in the shower cluster in the lower chamber
are likely to have originated in a bundle of target interactions (C-jets) and that they are not a simple
atmospheric family as was claimed by Kopenkin et al. The event shows peculiar characteristics quite
different from commonly observed cosmic-ray events.
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In 1972, the Brazil-Japan Collaboration of the
Chacaltaya emulsion chamber experiment reported an
event of strange characteristics [1]. The event was de-
tected as a bundle of showers in the lower chamber of a
two-story type emulsion chamber which consisted of
upper chamber, target layer, air gap, and lower chamber.
The bundle consisted of a few tens of showers, detected
on x-ray films (with detection threshold 1 TeV), having
a total observed energy much higher than events com-
monly observed in the lower chamber. Extrapolating the
shower direction carefully to the upper chamber, no sign
of a corresponding family, of comparable or greater size,
could be found (see Appendix A for a definition of a
family). A bundle of showers of small total energy was
found in the upper chamber which had an incident direc-
tion similar to the shower cluster in the lower chamber. It
was identified as the upper part of the showers in the
lower chamber [1,2]. The positions of three showers in the
respective bundles, found in the upper and the lower
chambers, were able to be superposed on x-ray films
within the possible errors [2]. The upper part was com-
posed of seven showers with a detection threshold of
1 TeV. The shower data in both bundles are shown in
Table I.
Since most of the showers in the lower chamber are
originated by hadrons, the event was remarkably hadron
rich. Analysis of the event showed that the event was
consistent with multiple production of particles without
emission of electrons and photons. The event was named
‘‘Centauro,’’ because one could not imagine the upper
body from inspection of the lower body.04=70(7)=074028(12)$22.50 70 0740Since the report of Centauro-I, searches for hadron-
rich events were made, and several candidate events were
found [2]. Although they were consistent with Centauro-
I, they did not display the same characteristics as clearly.
That is, some of them were contaminated by the second-
ary interactions in the atmosphere, and some of them had
no clear evidence of the upper-lower correspondence of
showers except coincidences of shower directions.
Many theoretical and phenomenological proposals
were presented to describe the event. These proposals
can be classified into two categories: an exotic primary
(exotic component among the primary cosmic rays) or an
exotic interaction. The former includes a quark glob [3,4],
strange quark matter [5,6], etc., and the latter includes
multiple production of nucleons [2], coherent production
of particles [7,8], DCC (disoriented chiral condensate)
[9], etc.
Searches of Centauro-type events were made also by
accelerator experiments: UA1 [10] and UA5 [11] at the




 546 and 900 GeV) and CDF





1800 GeV). No event with similar characteristics was
found, with upper limits to the Centauro production
probability of 105–106 at these energies, although the
methods used to identify Centauro-type events differed
from group to group. These circumstances demanded a
reconsideration of the Centauro events for both the ex-
perimental data and the interpretation.
Recently, a possible explanation of Centauro-I has been
proposed [14]. According to these authors, the original
upper-lower correspondence [2] is not correct and an
event of a standard atmospheric interaction passed
through the gap between emulsion chamber units, called28-1  2004 The American Physical Society
TABLE I. Shower clusters in S55 and I12.
Shower cluster No. of showers (energy sum) Average lateral spread hRi (mm) Zenith angle tan Azimuth angle ’
in I12 138 (202.7 TeV) : E  0:2 TeV 4.1 0:3 	 0:1 130
 	 10

32 (125.3 TeV) : E  2 TeV 2.7
in S55 7 (27.1 TeV) : E  1 TeV 8.8 0:3 	 0:1 90
 	 10

TABLE II. Details of chamber 15.
Area
as designed (upper line)
and measured (lower line)a
Thickness
as designed (upper line)





Upper chamber 44:2 m2 (  5:2 m  8:5 m) 7.8 cm Pb (  1:3 cm  6) 5 (2X) 4–5/10/1969
46:6 m2 (  5:3 m  8:8 m)a 10 cmb 29–30/07/1970
Support 1 cm wood
Target layer 44:2 m2 23 cm Pitch
Support (spaced) 5 cm wood
Air gap 147 cm
Lower chamber 33:0 m2 (  4:4 m  7:5 m) 8.0 cm Pb (  1:0 cm  8) 7 (2X  E) 5–6/10/1969
35:9 m2 (  4:6 m  7:8 m)a 11 cmb 28–29/07/1970
aDimensions of the chamber, measured after construction.
bTotal thickness, measured after construction, including packages of sensitive materials.
cSensitive layers consists of either two sheets of x-ray films (2X) or two sheets of x-ray films and a nuclear emulsion plate (2X  E).
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Their arguments, however, are not complete, as they do
not give any consideration to other possibilities, such as
whether or not there is another candidate for the upper
part, the probability for an event to pass through a gap,
etc.
In this paper we describe our detailed reexamination of
Centauro-I. We show that the probability that the event
passed through a gap is low, that some features of the
showers in the lower chamber cannot be described by gap-
passing hypothesis, and that it is more likely that the
event passed through the upper emulsion chamber with-
out leaving any shower or showers of appreciable energy.
We give a detailed description of emulsion chamber
no. 15, in which the event was found, in Sec. II to have
better understanding of our discussion. We present results
of our reexamination in Sec. III. Section IV is devoted to
summary and discussions.1The authors of Ref. [14] are critical of the fact that there is
no description about the gaps between the blocks in Ref. [2]. It
was not necessary, however, for the authors of Ref. [2] to
discuss the gaps as they had identified what they considered
to be a plausible upper-lower correspondence.II. TWO-STORY EMULSION CHAMBER NO. 15
Chamber 15 in which the Centauro-I was detected is of
two-story type, consisting of an upper chamber, a target
layer, an air gap, and a lower chamber. (See the general
description of the two-story chambers in Appendices A
and B.) Detailed data about the chamber are tabulated in
Table II, and top and side views of the chamber are shown
in Fig. 1. Note that the upper chamber and the target layer
of pitch are supported by planks of wood 5 cm thick and
30 cm wide.
It is worth mentioning the following points for the
discussion below.074028(1) T-2he construction of the chamber started with the
upper chamber and the dismantling started with
the lower chamber. Hence, there was no chance for
cosmic-ray events to hit the lower chamber directly
without passing the upper chamber unless they
were of very large inclination.(2) The barrier bags to contain the sensitive materials
had sizes of 41:5 cm  53:5 cm including edging
at the top (  2 cm), the right side (  1:5 cm), and
the bottom (  1:5 cm). Therefore, the gap between
the neighboring blocks is not zero, although we
tried to make the gap as small as possible by
bending the edging of the barrier bags downward
or upward.1 Inevitably, the whole areas of the upper
chamber and the lower chamber are larger than the
sum of the dimensions of the blocks, indicating
that the average gap size is 0.8 cm in the x direction
and 1.9 cm in the y direction, respectively (see
Fig. 1 and Table II). The larger size of the gap in
the y direction is due to the fact that the barrier
bags had edging at both sides in the y direction.
Hence, we will discriminate between ‘‘the upper
chamber’’ and ‘‘the upper emulsion chamber,’’ the
latter of which does not include the gap.(3) The relative position between the upper chamber
and the lower chamber can be known from the
FIG. 1 (color online). Top and side views of the two-story emulsion chamber no. 15. In the top view the blocks in the upper
chamber are labeled S01, S02, ... and those of the lower chamber (shaded) are labeled I01, I02, .... The size of each block is 40 cm 
50 cm. The fan-shaped hatched area (and a small square in it) shows the allowed region (and the most likely position) for the event
in the upper chamber based upon our direction measurement of the shower cluster [the circle marked by ‘‘(A)’’ and the arrow to
show the direction of the event] in I12 in the lower chamber. The circle marked by ‘‘(B)’’ indicates the shower cluster in S55,
identified in Ref. [2] as the corresponding part of the event (see the text in Sec. III for details). S42, S55, and I12 in the side view (C)
show the column of blocks and those in the side view (D) show the row of blocks where the blocks S42, S55, and I12 are located.
Arrows show the passages of the shower cluster from S55 to I12 (proposed in Ref. [2]) and from S42 to I12 (as derived in the present
reanalysis).
EXOTIC CHARACTERISTICS OF CENTAURO-I:. . . PHYSICAL REVIEW D 70 074028construction documents through distance measure-
ments of both chambers from the walls of the room.
The configuration of the blocks in the upper cham-
ber and the lower chamber, taking the average gap
size into account, is shown in Fig. 1. Rotation of the
blocks in the gap spaces was practically impossible
because the gap spaces were filled by the edgings of
the barrier bags.2Errors in position measurement of x-ray film are due to the
distortion of film base, fluctuation of shower center, error of
shower center determination, etc. The total error is estimated to
be smaller than 100 m.III. REEXAMINATIONS OF CENTAURO-I
It is a standard procedure of the Chacaltaya emulsion
chamber experiment to make rapid scanning of the events
on x-ray films after photographic development.
According to the event map by this rapid scanning, a
high energy shower cluster with small lateral spread
was noticed in block 12 of the lower chamber (inferior 12
or I12). About 40 shower spots were visible on x-ray films
and most of the member showers were located within a
circular area of 1 cm diameter. Applying general scanning
of showers in the attached nuclear emulsion plates with a
microscope, 138 showers with E  0:2 TeV were ob-
served spread over a region with a radius of 1 cm.
Figure 2 shows the E R diagram of these showers,
where E and R are the energy and distance of the shower
from the energy-weighted shower-cluster center, respec-074028tively. The lateral spread of the showers in this cluster is
larger than those in the usual C-jets (see Appendix B for a
description of C-jets), shown by crosses in the figure, by
more than 1 order of magnitude.
As is described in Ref. [2], a small shower cluster in
block 55 in the upper chamber (superior 55 or S55) was
identified as the upper part of the shower cluster in I12
after careful scanning.
We made the following reexaminations of the shower
cluster in I12.
A. Is the upper-lower correspondence correct?
Using a computer-aided scanner, we made shower-spot
maps of the shower clusters in S55 and in I12 on x-ray
films at each sensitive layer. We cannot find any group of
shower spots which has the same configuration within the
position errors of less than 100 m.2 However, if we
allow a larger error, for example, more than 200 m,
we can find three showers of the same configuration, as
described in Ref. [2], where the larger error of shower-3
FIG. 2 (color online). E R plot of observed showers in the
shower cluster in I12 (circles), where E and R are the energies
of the showers and their distances from the shower-cluster
center, respectively. Crosses are those in 80 C-jets with E 
20 TeV observed with the Chacaltaya two-story chambers.
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directions.
We then determined the shower direction by two meth-
ods (see Appendix A for details). The first method in-
volves making shower projection maps of S55 and I12 and
the second uses measurements of the shower-spot posi-
tions on both sides of an x-ray film. The results are
summarized in Table I.
We confirmed the argument, pointed out in Ref. [14],
that the upper-lower correspondence made in Ref. [2] is
not correct, from consideration of the following three
points:(1) We cannot find any group of (more than 3) showers
with the same configuration in shower clusters in
S55 and in I12.(2) The incident azimuth angles of two shower clusters
are different beyond the allowance of the errors.(3) The expected transit position of the event in the
upper chamber, derived from the direction mea-
surement of the shower cluster in I12, is shown by
the square in Fig. 1, where the hatched area is due
to the uncertainties in the arrival direction mea-
surement. The shower cluster in S55 is well re-
moved from the expected position.3The orientation of each block in the chamber is checked
twice, i.e., at the time of construction and of dismantling.We note that the argument in Ref. [14] on the possible
position of the event in the upper chamber is based on the
assumption that the upper and the lower chambers were
located ideally.074028B. Does the event pass through the upper chamber?
We can confirm that the x-ray films were placed cor-
rectly in I12 without being rotated 180
, because x-ray
films have blackening at the x side (see Fig. 1) due to
background cosmic-ray radiation.3 (Remember that I12 is
the first block of the second row in the lower chamber.) It
is certain that the event passed through the upper cham-
ber from the direction measured for the shower cluster in
I12.
C. Is there another candidate shower in the
upper chamber?
We rescanned the showers in blocks S29, S41, and S42
of the upper chamber, through which the event may
possibly have passed (see Fig. 1). We could not find any
shower cluster of similar arrival direction except a single
shower in S42. However, we have no way to identify this
shower as the upper part of the event. Therefore, the only
possible conclusions are (1) the upper part of the event
has either a single shower or no shower at all, or (2) the
event passed through a gap between the blocks in the
upper chamber.
D. Did the event pass through a gap?
As can be seen in Fig. 1, the possible area where the
event passed in the upper chamber includes some gaps.
Therefore, we cannot completely exclude the possibility
that the event passed through a gap. If the event is an
atmospheric family which passes through the gap of the
upper chamber, then this family has characteristics that(i) t-4he lateral spread of the event is very small, be-
cause almost all showers, observed in the lower
chamber, are located inside a circle of 1 cm
radius from the event center, and(ii) the number of showers is large, as shown in Table I.1. Is the event an ordinary family produced at
low altitude in the atmosphere?
The authors of Ref. [14] discuss the possibility that the
event can be described as an ordinary cosmic-ray family
which is produced at 10–80 m above the chamber. In
order to study atmospheric events produced at very low
altitude, a simulation was carried out using CORSIKA/
QGSJET code [15,16] assuming the first interaction point
is just 50 m above the chamber (see Appendix C for
details). The simulation shows that the average lateral
spread of the simulated events is similar to that of the
shower cluster in I12, but that the number of observed
showers is appreciably smaller than that of the event in
I12. In Fig. 3 we compare the number of observed showers
with E  0:2 TeV in the event with that of simulated
FIG. 3 (color online). Distribution of the number of observed
showers, n, with E  0:2 TeV for the simulated atmospheric
families of 100 TeV  E < 300 TeV, initiated by the pro-
ton collisions at 50 m above the chamber. An arrow indicates
n of the shower cluster in I12.
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events of 100 TeV  E < 300 TeV has more than
77 showers (with E  0:2 TeV), whereas the shower
cluster in I12 has 138. Therefore, the interpretation that
the event is due to an ordinary cosmic-ray family pro-
duced at low altitude is ruled out easily.
2. Probability of observing narrow atmospheric families
One may argue that fluctuations in nuclear and elec-
tromagnetic cascade development during passage through
the atmosphere give rise to families of very small lateral
spread and that one of these families passes through the
gap of the blocks in the upper chamber. We will estimateFIG. 4 (color online). The number of observed showers with
E  2 TeV plotted against their average lateral spread for the
shower cluster in I12 (), 156 atmospheric families () with
100 TeV  E < 1000 TeV observed with the Chacaltaya
two-story chambers, and 1234 simulated families ().
074028the probability to observe narrow families with large
multiplicity of showers.
Figure 4 shows the number of showers in an event, N
(E  2 TeV), and their average lateral spread, hRi, for
families observed by the Chacaltaya two-story chambers
and also for events simulated using CORSIKA/QGSJET code
(see Appendix C). Here the showers with energy E 
2 TeV are taken into consideration, because the detection
threshold energy of showers in ordinary atmospheric
families is 2 TeV. Only one event among 156 experi-
mental families of 100 TeV  E < 1000 TeV ob-
served by Chacaltaya two-story chambers and three
among 1234 simulated families are found to have char-
acteristics similar to the shower cluster in I12, i.e., N >
20 and hRi< 3 mm. One can see that the shower cluster in
I12 is not a frequently observed event but a rare event.4
To discuss the probability of the event being due to a
narrow atmospheric family, we must take into account the
number of low energy showers (with energies less than
2 TeV), which are also observed within a region of radius
1 cm in the shower cluster in I12. Hence, we examine
whether or not such a shower cluster can be reproduced by
usual pion multiple production using simulated families.
Figure 5(a) shows a diagram of the number of showers
(with E  0:2 TeV) and their energy sum inside a circle
of 1 cm radius from the event center. The shaded area in
the figure, defined as
100  NE  0:2 TeV; R  1 cm< 200
and
150 TeV  EE  0:2 TeV; R  1 cm< 300 TeV;
shows the events with similar characteristics to the
shower cluster in I12. Figure 5(b) plots the number of
showers of E  1 TeV in the outer region (R> 1 cm)
for the events in the above shaded area. These figures
reveal that the events which have a high energy shower
cluster in the central region also generally have a large
number of showers in their outer region. Only six events,
at most, among 6216 simulated events have character-
istics similar to the shower cluster in I12, indicated by
shadowed area in Fig. 5(b), from the viewpoint of energy
and lateral spread of the showers.
Hence, the probability to observe a narrow family is
very small, 1–6  103. The shower cluster in I12 is not
a normal narrow family but a very rare event even if we
assume that the event is an atmospheric family.4In Ref. [14] the authors compare the shower number and
lateral spread of the event separately with experimental atmos-
pheric families and conclude that the shower cluster in I12 is
just a normal family with a small lateral spread. However, the
number of showers is smaller in most narrow families, as can
be seen in Fig. 4. It is important to note that the shower cluster
in I12 has a large number of showers in spite of its small lateral
spread.
-5
FIG. 5 (color online). (a) The number of showers with E  0:2 TeV plotted against the energy sum inside a circle of radius 1 cm
from the event center. The symbol  denotes the shower cluster in I12 and  denotes 6216 simulated families with 100 TeV 
E < 1000 TeV and Emin  0:2 TeV. (b) The number of observed showers with E  1 TeV and their energy sum in the
peripheral region (R  1 cm), in the events located in a shaded area in (a). The solid circle () is the shower cluster in I12 and the
small open circles ( 
 ) are the 155 simulated families.
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upper chamber
The total gap area is 2:44 m2 and amounts to 0:05 of
the total area of the upper chamber, 44:2 m2. Hence, the
probability that such a narrow family passes through a
gap in the upper chamber is 1–6  103  0:05 ’
0:5–3  104. We have 156 analyzed events in
Chacaltaya two-story chambers; then the expected num-
ber of narrow events is 0.008–0.04.
We also note the fact that six sheets of lead plate in each
block in the upper emulsion chamber are not aligned
exactly vertically but have random displacements of
5 mm. Therefore, it is quite improbable that an event
with a lateral spread of 1 cm radius could reach the
lower chamber without passing any of the lead plates in
the upper chamber, even if the average size of the gap is
0.8 cm in the x direction and 1.9 cm in the y direction. An
appreciation of these details of the detector was for
understandable reasons missing from the analysis of
Ref. [14].
E. Are the showers in I12 produced in the target?
1. Divergence measurement
We reached the conclusion above that the event passed
through the upper emulsion chamber without leaving any
detectable showers in it with high probability. The feature
can be described if a very high energy particle passes
through the upper chamber and causes a nuclear interac-
tion in the pitch target layer (see Fig. 1), producing a
number of secondary particles. Neutral pions among the
produced particles decay into  rays, which develop
cascade showers in the lower chamber.
Since the produced particles diverge from the interac-
tion point, the relative distances between two showers are074028different at different depths in the lower chamber. That is,
we may measure displacement of distance between show-
ers at different depths, because the lateral spread of the
showers in the event is extremely large compared with
those of C-jets usually observed. Let dijt be the distance
between the ith and jth showers at the depth t in the
chamber. Then the displacement dij is given by




where t0 is the depth taken as the reference level and H is
the distance of the interaction point measured from this
level. If the showers found in I12 are produced just at the
middle point in the target by a single nuclear interaction,
we have dij  80 m for the showers of dij  1 cm,
using H  164 cm and t t0  1:3 cm [the distance
between two successive depths, corresponding to the
thickness of the lead plate (1 cm) plus that of the sensitive
layer (  3 mm)]. That is, the divergence of the shower
distance can be detected with the x-ray films and in the
nuclear emulsion plates at different layers in the lower
chamber (see Appendix A for the accuracy of position
measurement).
The measurement of shower distances was carried out
for those in the shower cluster in I12 using the x-ray films
and nuclear emulsion plates. An area of 1:5  1:5 cm2
was scanned by the computer-aided scanner at 1600 dpi
resolution on the x-ray films at all sensitive layers. Shower
distances are measured on the shower-spot maps with a
magnification of 15  . Figure 6 shows the average dis-
placement d=d which was measured on x-ray films for
all the combinations of showers which satisfy the follow-
ing conditions: (1) shower spots continue for at least four
sensitive layers and (2) distances between the two showers
are larger than 5 mm. Shower distances in the nuclear-6
FIG. 6 (color online). Examination of geometrical conver-
gence of showers in the shower cluster in I12, where dij is
the distance between ith and jth showers at the depth t and dij
is the difference of dij ’s at different depths in the lower
chamber, defined as dij  dijt  dijt0 (t  1; 2; . . . ; 5).
The reference level t0 is the second layer (3 cm Pb from the
chamber surface). Triangles and circles show the data of the x-
ray films and nuclear emulsion plates, respectively. The dotted
line represents the case that the showers are produced in the
middle of the target layer (H  164 cm).
5The result does not change even when we choose the
parameter value K0  1000 MeV, though the 0 peak becomes
less prominent both for the experimental and simulated C-jets
events because of increase of the background distribution.
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15 high energy showers, which are identified easily in
nuclear emulsion plates. These showers satisfy the two
conditions above.
In the figure the relative displacement is d=d ’ 0 on
average both for the measurements in x-ray films and in
nuclear emulsion plates, and the points do not lie along
the line expected for the case that the showers are pro-
duced in the target layer. We also note that the distribu-
tions of relative displacements, d=d, for sampled
showers are symmetric around d=d ’ 0 for both the x-
ray films and the nuclear emulsion plates. These two facts
indicate that all the showers in the present event are not
produced in one interaction in the target layer. If so, is
there any other evidence that the showers are produced by
multiple interactions?
2. Possible evidence for a bundle of target interactions
If the showers, observed in the lower chamber, are due
to the target interactions (C-jets) of hadrons, we can
observe a signal of neutral pions, because most of the
observed showers are originated by  rays from 0 de-
cays. In order to identify individual C-jets among ob-
served showers in the shower cluster in I12 (one single
C-jet hypothesis is rejected from the divergence argument
given in the previous subsection), we apply a clustering
procedure to the event. The procedure is the same as the074028‘‘decascading’’ [2,17], which is often used in the analysis
of high energy atmospheric families. Let Ei and Ej be the
energies of ith and jth showers, Rij the relative distance
between the two, and H (  164 cm) the distance be-
tween the lower chamber and the middle point of the







If Kij < K0, where K0 is a parameter to be fixed below,
then ith and jth showers are considered to belong to the
same C-jet and are amalgamated into one. Repeating the
above procedure until no member shower satisfies the
above condition, we can cluster the showers into a number
of C-jets. To fix the value of the parameter K0, we apply
the procedure to the simulated events of C-jet by QGSJET
model. We find that the value K0  600 MeV is suitable
for identifying a C-jet (see Appendix D).
We obtain 28 C-jets with EC-jet  2 TeV in the shower
cluster in I12. In each C-jet obtained above, we calculate





combinations of  rays of E  0:3 TeV. Figure 7 shows
m distribution for  rays in these 28 C-jets. The result is
compared with those of simulated events of C-jets by
QGSJET model both for p-carbon and -carbon interac-
tions (see Appendix D for details). The experimental
distribution agrees well with that of simulated C-jets
and we can see a peak at m  100–150 MeV=c2, in-
dicating that showers are due to 0 decay.5 We also apply
the above procedure of clustering and invariant mass
calculation to the six events shown in Fig. 5(b), which
are the simulated events of narrow atmospheric families.
In these events the m distribution has no peak near the
0 mass and is naturally very different from those of C-
jets. That is, the gap-passing hypothesis in Ref. [14] can-
not describe the present results. The results indicate that
the showers in I12 are due to a bundle of C-jets but not due
to a narrow atmospheric family.IV. SUMMARY AND DISCUSSIONS
We have made a careful reexamination of the Centauro-
I event and conclude that(i) T-7he shower cluster found in S55, which had been
considered to be the upper part of the event, is not
the upper body of that found in I12.(ii) The event passes through the upper chamber.
These two facts imply that there is another shower cluster
in the upper chamber to correspond to that in I12, if the
FIG. 7 (color online). The distribution of two-body invariant
mass m in the shower clusters. Circles are for the shower
cluster in I12. Histograms are for the simulated events of C-jets
using QGSJET model with the incident particles of protons
(dotted line) and pions (solid line). The hatched histogram is
for simulated events of narrow atmospheric families, shown in
Fig. 5(b).
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again in several candidate blocks, but(iii) no candidate shower cluster is found near the
expected position in the upper chamber.Hence, we have to conclude that there is no shower cluster
in the upper emulsion chamber. There are then two possi-
bilities to interpret the results. One is that the atmospheric
event passed through the gap between the blocks in the
upper chamber. By the probability arguments,(iv) the interpretation, given in Ref. [14], that the
ordinary atmospheric event, produced at 10–
80 m above the chamber, passed through the gap
is ruled out, because very high multiplicity of the
shower cluster in I12 is well outside the reach of
simulated events.(v) The possibility that a narrow atmospheric family
passed through the gap of the upper chamber is as
low as 104. (The total number of observed fam-
ilies of 100 TeV  E  1000 TeV with E 
2 TeV is 156 in the Chacaltaya two-story
chambers.)Furthermore,
(vi) the distribution of two-body invariant masses of
 rays, which is obtained by assuming the pro-
duction point of  rays at the middle of the target
layer, shows a clear peak around the 0 mass,6The feature of no accompaniment of  rays is almost the
same as that in the original report except that the production
height of these hadrons is unknown in the present report but
was concluded to be 50 m above the chamber in the original
report.which indicates that they most likely originate from the
decay of neutral pions produced in the carbon layer of the
chamber. It cannot be described by the gap-passing hy-
pothesis of an atmospheric event. In other words, the event
cannot be described fully by a rare but normal atmos-
pheric event.074028The other possibility is that the shower cluster in I12 is
produced by nuclear interaction(s) of a single (or a few)
hadron(s) in the target layer. If this were the case, we
would observe a clear signal of the geometrical conver-
gence of shower direction to the target layer, because
lateral spread of the showers in the event is very large.
Measurements, however, show(vii) t-8here is no significant displacement of distance
between the showers at different depths.Based on the above considerations, we conclude that the
shower cluster in I12 is produced in the target layer by a
number of particles with appreciable lateral spread. If we
assume that these particles are ordinary hadrons, we must
explain the following points:(1) These hadrons are not accompanied by any  rays
above detection threshold energy. It is almost im-
possible for high energy cosmic-ray events which
are observed at Mt. Chacaltaya, deep in the atmo-
sphere, as was discussed in the original report of
the Centauro event [2].6(2) These hadrons did not produce any shower in the
upper chamber but produced 28 visible C-jets in
the target layer.To discuss these points, we must study more detailed
features of the shower cluster in I12 under a variety of
assumptions. The discussion will of necessity become less
objective than those in this paper, and, hence, we will
leave them to succeeding papers.
APPENDIX A: STRUCTURE AND
PERFORMANCE OF EMULSION CHAMBER
The structure and performance of the emulsion cham-
ber are described briefly below and the determination of
shower characteristics mentioned below is summarized in
Table III.
1. Structure of emulsion chamber
A simple emulsion chamber is a multiple sandwich of
lead plates and photosensitive layers. A sensitive layer
consists of x-ray film and/or a nuclear emulsion plate,
packed in an envelope (made of paper, aluminum foil,
and polyethylene), called a barrier bag, to shield against
light and humidity. The sensitive layers are interposed
usually at 0.5 cm (or 1.0 cm) thicknesses of lead, equiva-
lent nearly to one (two) cascade unit (c.u.) or radiation
length (r.l.). All the materials of the emulsion chamber, x-
ray films, nuclear emulsion plates, and lead plates, have
dimensions of 40 cm  50 cm, composing a unit of emul-
sion chamber, called a ‘‘block.’’
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done manually, and, hence, from a top view the positions
of the 10–20 sheets of lead plates in one block are not
exactly aligned but have some displacement, although
every effort is made to keep this as small as possible.
The error of lead plate position is 0:5 cm. (One should
note that the envelopes have edgings on three sides, too,
as mentioned in Sec. A 2.)
2. Detection of showers
A high energy particle from the electromagnetic com-
ponent of cosmic rays, i.e., electrons, positrons, and pho-
tons, incident upon the chamber produces a cascade
shower in the chamber through a chain of electromag-
netic interactions. Electrons in the cascade shower are
recorded by the photosensitive layers. That is, multiple
photosensitive layers record the cascade shower at various
stages of its development. After photographic develop-
ment, we can observe the shower as a small dark spot (of
200 m diameter) on x-ray film with unaided eyes and
as a bundle of electron tracks in nuclear emulsion plate
with a microscope.We refer to the incident particles of the
electromagnetic component collectively as  rays because
we cannot discriminate between them in the emulsion
chamber.
3. Estimation of shower energy
The energy of the shower can be estimated by compar-
ing the shower development with the predictions of cas-
cade theory. That is, we measure the darkness of the
shower spot on x-ray films at every layer with a micro-
photometer using a 200  200 m2 square slit. The de-
velopment of spot darkness along the depth of the
chamber, called the transition curve of darkness, is com-
pared with those which are calculated for various incident
energies based on the three-dimensional cascade theory
and the sensitivity of x-ray film, the relation between
darkness and electron density. The error of the energy
determination is E=E ’ 20%. One should note that the
estimated energies are the relative ones, because the sen-TABLE III. Methods and errors in me
Shower characteristics X-ray fi











074028sitivity of x-ray film depends on the development con-
ditions, exposure period, exposure condition (at high
mountain altitude), etc.
On the other hand, we can count the number of electron
tracks in the shower within a circle of 50 m radius in the
nuclear emulsion plates, interposed at various layers. The
transition curve of the electron number is compared with
those of the cascade theory. In this way we can determine
the absolute value of the shower energy with an error of
E=E  20%.
4. Arrival direction of a shower
The direction of a shower can be determined by mea-
suring the displacement of the spot position of a shower
on both sides of one x-ray film, because the emulsion gel
is coated on both sides of a polyethylene terephthalate
base 200 m thick. The error of shower direction mea-
surement using this method is tan ’ 0:1 and  ’
10
 for zenith and azimuth angles, respectively, except
for the case of small displacements, i.e.,  ’ 0. Direction
measurement of the shower using the nuclear emulsion
plate with emulsion layer of 50 m thick on one side is
not easy for several reasons, for example, nonuniform
thickness of the emulsion gel, distortion of the emulsion
layer after development, etc.
5. Shower projection map
The directions of showers can also be obtained by a
shower projection map. It is a standard procedure to make
a shower projection map for each block before measure-
ment. That is, we plot the positions of all the shower spots
on respective x-ray films which are interposed at various
depths in the chamber. In this work the x-ray films must
be aligned so that shower directions on the map agree
with those that are measured by the method mentioned in
Sec. A 4. After completion of the map we can measure the
shower directions. The shower directions, obtained in this
way, have the advantage that they are the average values
taking into account all the showers in one block.asurement of shower characteristics.
lm Nuclear emulsion plate
m x ’ 20 m
ness Electron track counting
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parallel with one another, which is called a ‘‘family,’’
while the showers without any mutual relationship have
random directions.
6. Detection of hadrons
The emulsion chamber can detect hadrons, too. That is,
hadrons, incident upon the chamber, cause inelastic nu-
clear collisions with Pb. In these collisions the produced
 rays, mainly due to 0 decays, initiate a cascade shower
in the chamber, which is detected by the emulsion
chamber.
Discrimination of hadron(-induced) showers from
-ray showers can be made using the difference of inter-
action lengths in Pb, i.e.,   18:0 cm (the inelastic
collision mean free path of protons in Pb) and X0 
0:57 cm (the cascade unit in Pb). We define showers
with t  4 c:u: (or 6 c.u.) as being hadron-induced.
The shower starting point t is obtained at the same
time in energy estimation. We call such a hadron-induced
shower a ‘‘Pb-jet.’’
One should note that hadron detection is not favored by
the emulsion chamber compared with -ray detection,
because the observed energy of a hadron-induced shower
is a part of the hadron energy7 and because the interaction
probability of hadrons in the emulsion chamber is not
high owing to the limited total thickness of the chamber
(15 cm Pb at maximum except special cases).APPENDIX B: GENERAL DESCRIPTION OF
TWO-STORY CHAMBER
An emulsion chamber of two-story type consists of the
upper chamber, a target layer, an air gap, and the lower
chamber. The chamber was initially designed to study
nuclear interactions in the pitch target layer, called C-jets.
Hence, the upper chamber (5–6 cm Pb thick) serves as a
filter of atmospheric  rays and is rather transparent to
hadrons. The target layer (typically 0.3–0.5 inelastic
collision mean free path of hadrons) is made of the
material of low atomic number and hence is transparent
to  rays. The produced particles in the collision diverge
during passage through the air gap between the target
layer and the lower chamber. Consequently, they have
mutual distances wide enough to be observed separately
in the lower chamber. A C-jet appears as a single diffuse
dark spot on x-ray films and as a group of showers in the
nuclear emulsion plates when viewed with a microscope.7The energy of the hadron-induced shower is given by Eh 
KrE0, where K  
P
allEi=E0 is the inelasticity of inelastic




allEi is the energy fraction of a
-ray component among the produced particles. Assuming that
all the produced particles are pions, we have hKi  1=2 and
hri  1=3 approximately. That is, the observed energy of a
hadron-induced shower is on average 1=6 of the hadron energy.
074028The showers found in the lower chamber are classified
into the following categories:(1) C-10-jets,
(2) Pb-jets in the lower chamber,
(3) Pb-jets in the upper chamber whose showers con-
tinue into the lower chamber,
(4) high energy  rays, incident upon the upper cham-
ber, whose showers continue into the lower
chamber,(5) showers which are produced by particles, incident
upon the lower chamber directly without passing
the upper chamber.In summary, the showers found in the lower chamber are
originated by hadrons except those of categories (4) and
(5), which can be identified easily.
When a high energy cosmic-ray event enters a two-
story chamber, we expect a large number of showers, due
to atmospheric  rays and hadrons, in the upper chamber
and a small number of showers, C-jets and Pb-jets, in the
lower chamber.
It is not straightforward to link the shower clusters
found in the upper chamber and in the lower chamber,
except in the case of very high energy events where some
(ideally more than three) showers continue into the lower
chamber.APPENDIX C: SIMULATIONS OF
ATMOSPHERIC FAMILIES
We use CORSIKA [15] code (version 6.018) employing
QGSJET [16] for the interaction model to generate atmos-
pheric families.
1. Atmospheric families
Energies of primary cosmic rays are sampled from the
energy spectrum
E10 dE0;
where the index is  ’ 1:8 at E0  103 TeV and increases
gradually to 2.0 with the energy E0. The chemical com-
position of the primary cosmic rays is assumed to be
‘‘proton-dominant,’’ e.g., proton (42%), He (17%), CNO
(14%), heavy (14%), and Fe (13%) at E0  103 TeV. The
primary particles enter the top of the atmosphere with
zenith angle between 0
 and 45
. A total of 40 000 pri-
maries of 103 TeV  E0 < 105 TeV were sampled from
the above energy spectrum. A primary particle initiates
nuclear and electromagnetic cascades in the atmosphere
through a nuclear collision with an air nucleus. All the
particles (e; , and hadrons) are tracked through the
atmosphere until their energies become below 0.1 TeV or
until they reach the observational level. Electromagnetic
particles and hadrons with energy larger than 0.1 TeV
arriving at the detector are provisionally recorded as
members of a family.
FIG. 8 (color online). Distribution of the number of clusters
in a C-jet for three different clustering parameters, K0  300
(dashed-dotted line), 600 (solid line), 1000 (dotted line) MeV..
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hadronic showers when these hadrons cause collisions in
the chamber materials and give rise to visible electro-
magnetic cascades (see Appendix A for details). The
hadron energy Eh is transformed into visible energy
Eh by multiplying by a factor k, where k is sampled
from the k distribution for p-carbon and p-Pb
collisions which are obtained beforehand by simulations
using the QGSJET model. Errors in the energy estimation
are also taken into account by assuming a Gaussian-type
error distribution with energy-dependent dispersion (e.g.,
12% for E  1 TeV). Among hadronic and electromag-
netic showers with a visible energy exceeding 0.2 TeV,
those within a radius 15 cm from the family center are
finally adopted as members of a family.
2. Atmospheric families produced at low altitude
Using the same simulation code, we produce atmos-
pheric families produced at very low altitude. We assume
that the first interaction point is 50 m above the chamber.
Ten thousand events for incident energy E0  500 and
1000 TeV, respectively, are simulated assuming that the
incident particles are protons. We pick up showers of
E  0:2 TeV within radius 15 mm from the event center
(nearly the same as that of the shower cluster in I12) as
members of the event.APPENDIX D: SIMULATION OF C-JETS
(NUCLEAR INTERACTIONS IN THE
CARBON LAYER)
Protons and pions arriving at the target layer (carbon)
of the two-story emulsion chamber make nuclear inter-
actions in the 23 cm thick layer. Secondary particles are
generated using the QGSJET model. All the possible suc-
cessive nuclear interactions in the layer by the surviving
and produced particles are also taken into account. Ten
thousand incident protons and pions, respectively, of en-
ergy 2 TeV  E0  1000 TeV are sampled from the en-
ergy spectrum074028E10 dE0 with   1:0
and zenith angle between 0
 and 45
. In each simulated
event we record the energies and the coordinates of  rays
at the observation point (147 cm below the target layer).
Error of energy estimation for each  ray is also taken
into account through E	 E, where E is sampled from
Gaussian distribution with "  0:3E. We detect C-jets of
total energy 2 TeVE50TeV with E  0:2 TeV.
1. Clustering parameter of C-jet events
The clustering parameter is studied by applying the
clustering procedure to the simulated C-jets of 2 TeV 
E < 50 TeV with E  0:2 TeV. Figure 8 shows a
distribution of the number of clusters in a C-jet for three
clustering parameters K0  300; 600; 1000 MeV. One
can see in the figure that all the member showers in a
C-jet are grouped in one cluster for more than 60% of
the C-jets when the clustering parameter is assumed to be
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